Abstract-Bank vole, Clethrionomys glareolus, specimens have been annually sampled from the radioactive Chernobyl, Ukraine, environment and nonradioactive reference sites since 1997. Exposed voles continually exhibit increased mitochondrial DNA haplotype (h) and nucleotide diversity (ND), observed in the hypervariable control region (1997)(1998)(1999). Increased maternal mutation rates, source-sink relationships, or both are proposed as hypotheses for these differences. Samples from additional years (2000 and 2001) have been incorporated into this temporal study. To evaluate the hypothesis that an increased mutation rate is associated with increased h, DNA sequences were examined in a phylogenetic context for novel substitutions not observed in haplotypes from bank voles from outside Ukraine or in other species of Clethrionomys. Such novel substitutions might result from in situ mutation events and, if largely restricted to samples from radioactive environments, support an increased maternal mutation rate in these areas. The only unique substitution meeting this criterion was found in an uncontaminated reference site. All other substitutions are found in other haplotypes of the bank vole or in other species. Increased maternal mutation rates do not appear to explain trends in hand ND observed in northern Ukraine. Studies examining ecological dynamics will clarify the reasons behind, and significance of, increased levels of h in contaminated areas.
INTRODUCTION
Eighteen years after the accident at the Chernobyl Nuclear Power Plant (CNPP) in Ukraine, small mammals inhabiting the area near reactor block 4 remain exposed to radiation throughout their entire life cycle to doses as high as 86 mGy/ d (8.6 rad/d) [1] . Exposure such as this could damage the stability of individual genomes, alter population structure, or both [2] [3] [4] [5] . Adequately documenting changes in mutation rates is difficult because accurate exposure data are often unavailable, and statistical testing requires large sample sizes. However, comparing the characteristics for populations of chronically exposed small mammals living and surviving for many generations in polluted environments to those from nearby populations inhabiting unexposed areas could provide unique insights into possible deleterious effects [3, [5] [6] [7] [8] [9] [10] .
Specimens of the bank vole, Clethrionomys glareolus, exhibit the highest internal doses of radiocesium (Cs) among small mammals inhabiting the most contaminated sites at Chernobyl [1] . Coupled also with high external doses, this makes populations of the bank vole appropriate models to study the effects of multigenerational exposure to environmental radiation on small mammals. Therefore, we have conducted longitudinal genetic studies of bank vole populations in northern Ukraine. Our previous studies, conducted from 1995 to 1999, examined variation in a hypervariable portion of the mitochondrial control region (extended terminal associated se-* To whom correspondence may be addressed (robert.baker@ttu.edu).
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quences or ETAS domain) [9, 10] . This region is considered to be a useful population genetic marker [11] [12] [13] [14] [15] [16] .
Specimens have been collected both at radioactively contaminated sites, Red Forest (Universal Transverse Mercator [UTM] coordinates 36295545 U5697040) and Glyboke Lake (36296254 U5703608), both near Prypiat, Ukraine, and relatively uncontaminated reference sites, including Chista (36351221 U5717505), Nedanchichy (36455 U5707606), and Oranoe, Ukraine, (36301009 U5658635) [9, 10] . From 315 specimens, 11 distinct mitochondrial haplotypes have been detected. Six of these occur in both reference and contaminated sites, four haplotypes were unique to contaminated sites, and one was unique to reference sites. A minimum spanning network reconstructed for these haplotypes indicates they are closely related, with one to three step changes distinguishing one from another [9] . The lack, however, of available specimens from these populations before the Chernobyl accident makes it difficult to determine whether haplotypes unique to the contaminated sites represent geographically endemic lineages that precede the accident or result from subsequent mutation events attributable to the radioactive environment.
Matson et al. [9] and Baker et al. [10] found that despite significant fluctuations in haplotype frequencies in temporal samples taken from the Red Forest, mitochondrial (mt)DNA diversity (i.e., haplotype diversity [h]) in this radioactive area, in addition to another radioactive site sampled once, was consistently greater than that from the reference sites. Estimates ofh (mean ::t standard error) from radioactive sites were 0.760 ::t 0.057 for the Red Forest and 0.677 ::t 0.068 for Glyboke 503 Lake, whereas estimates for nonradioactive sites were 0.204 ::!:: 0.098 for Nedanchichy, 0.618 ::!:: 0.106 for Chista, and 0.621 ::!:: 0.050 for Oranoe. Assuming that the Nedanchichy site represents an outlier, estimates of mtDNA diversity in the radioactive areas are, on average, 15% higher than those observed in uncontaminated areas. Two hypotheses have been offered to explain these differences. First, exposure to ionizing radiation in the contaminated environments has increased the maternal mutation rate and has consequently increased mtDNA diversity. This, in principle, assumes that ecological variation, such as effective population size, is a negligible factor. Second, radioactive areas might act as ecological sinks so that increased mtDNA diversity is a function of asymmetrical migration from genetically diverse source populations. This hypothesis assumes that satellite populations (i.e., potential source populations) are genetically distinct from one another so that the resulting sink populations are diverse composites composed of random immigrants. Finding distinct, novel mtDNA haplotypes in exposed populations would argue in favor of the first hypothesis. These should represent derived hap10types with unique substitutions not observed in other populations or species. The only way to adequately address the second hypothesis is to extensively sample identified satellite populations surrounding the contaminated areas to assess haplotype structure in noncontaminated areas adjacent to presumed sink populations. If all such populations harbor the same genetic variants as one another and as the presumed sink populations, it is logical to conclude that the area represents a panmictic population and that no such source-sink relationship exists.
To properly test these two hypotheses, data for more years and from additional localities are needed. To address the first hypothesis that an increased mutation rate is responsible for the elevated mtDNA diversity, we sampled from the radioactive Red Forest region an additional two years. We present the results of that experiment herein.
MA TERIALS AND METHODS

Study specimens
Specimens collected an additional two years (2000 and 2001) have been added to this temporal genetic monitoring project. Fifteen and 54 specimens were collected in 2000 and 2001, respectively, from the radioactive Red Forest area. These specimens were collected from mark/recapture grids as part of an additional study described in Baker et al. [10] . Animals were non lethally sampled by removing a toe. The toe sample was then stored in lysis buffer [17] , and the animal was released at its respective capture locality. With these new samples, we have supplemented the data set from our previous studies conducted during the years 1995 to 1999 [9, 10] . To examine the phylogenetic relationships among the mtDNA haplotypes detected in northern Ukraine, we have also included sequences deposited in GenBank (National Center for Biotechnology Information, Bethesda, MD, USA; AJ236833, AF364667-AF364684, and AF367179-AF36720l) [16] . This includes additional species belonging to the genus Clethrionomys (c. californicus, C. gapperi, C. rutilis, and C. rufocanus). The number of specimens, all C. glareolus, from northern Ukraine examined in this study is 384, and the total number of individuals for which DNA sequence data are available is 427.
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Molecular methods
Genomic DNA from the toe samples was isolated with a standard phenol/chloroform and alcohol precipitation protocol [18] . To maintain consistency with the published data, we examined DNA sequence variation in the same mitochondrial gene region that was examined in Matson et al. [9] and Baker et al. [10] , following the procedures described therein. This portion of the control region is described in detail in Matson and Baker [16] . In our cycle sequencing reactions, we used two additional internal primers: CgU (5'-CTT GTA AAC CAG AAA TGA AAA AC-3'), CgL-317 (5'-TCA CGG AGG ATG GTA GAT TA-3'), and CgL (5'-TTC TGG TAA TGC TAT CAA-3').
Data analysis
Gene diversity estimates were computed as in Matson et al. [9] with Arlequin (version 2.000; Excoffier, Geneva, Switzerland) [19] . The Molecular Evolutionary Genetics Analysis program, or MEGA (version 2.1; Arizona State University, Tempe, AZ, USA) was used to estimate the phylogenetic relationships among control region haplotypes [20] . Because of potential substitution bias in this gene region, we used the Tamura-Nei model to estimate genetic distance among haplotypes and clustered the resulting estimates by the minimum evolution method [21, 22] .
RESULTS
Previous studies identified 11 mitochondrial haplotypes in C. glareolus from five different localities [9, 10] . No new haplotypes were observed in our additional samples. Nine variable positions were detected, and these are presented in Table 1 . Only transition substitutions have been observed to date. Nucleotide variation among all sequences and species examined in this study are presented in Table 1 .
Characteristics of Ukrainian samples
To briefly review our previous research, six of the haplotypes are shared among reference and contaminated sites, four haplotypes are unique to contaminated sites, and one haplotype is unique to reference sites. Haplotypes 1 and 3-8 are shared in at least two sites. One of these seven haplotypes, haplotype 6, is found at only contaminated sites. Haplotype 2 is unique to the Red Forest; haplotypes 9 and 10 are unique to Glyboke Lake, which are both contaminated sites; and haplotype 11 is unique to the reference site, Nedanchichy. This pattern has not changed since adding two additional samples from the Red Forest (Table 1 ). All polymorphisms result from transition substitutions, with eight of nine sites having CHT transitions, and one of nine sites (position 50) having an AHG transition. Four of the nine variable sites represent a polymorphism unique to a single haplotype, and polymorphisms in the remaining five variable sites are found in two or more haplotypes ( Table 1) . The frequencies of the four site-specific haplotypes can be found in Table 2 . Haplotype 2 (Red Forest) is found at an average frequency of 20.3%, haplotype 9 (Glyboke Lake) is found at a frequency of 10.7%, and haplotypes 10 (Glyboke Lake) and 11 (Nedanchichy) are both found at frequencies of 3.6%.
Characteristics of all samples
Three variable sites in the bank vole samples from northern Ukraine appear to represent diagnostic polymorphisms unique to both this species and area (Table 1) . At two of these sites, [9] . All specimens of Clethrionornys glareolus (CgI) are included, whereas a consensus variable sequence was generated for each of the remaining four species Sequence Positiona   Haplotype  40  50  56  152  153  157  170  197  267   01  Ca  A  T  T  C  C  C  T  T  02  G  T  T  03  C  04  T  05  C  06  T  07  T  T  08  09 C
a C = cytosine; T = thymine; G = guanine; A = adenine.
positions 157 and 170, a CHT transition is observed at each. In our sample, only bank voles in northern Ukraine have a cytosine at these sites. The third site represents a unique polymorphism found only at Nedanchichy (CHT, position 40). At the remaining six positions, polymorphisms or nucleotide variants are observed in bank voles from outside northern Ukraine or in the other species of Clethrionomys. The only unique haplotype detected in Ukraine that has a distinct substitution or variant not seen in samples or species from outside this region is haplotype 11, which was found at the reference site, Nedanchichy. As for the remaining unique haplotypes, which are only found in the contaminated areas, the variant nucleotides or polymorphisms defining these are also found in bank voles from outside northern Ukraine, in other species of Clethrionomys, or in both groups. The variant nucleotides seen in haplotype 2 (Red Forest) are also seen in C. gapperi and C. rutilis (AHG, position 50); C. glareolus, C. californicus, C. rufocanus, and C. rutilis (CH'f, position 157); and C. glareolus, C. californicus, C. gapperi, C. rutilis, and C. rufocanus (CHT, position 170). The variant nucleotides seen in haplotype 9 (Glyboke Lake) are also seen in C. glareolus, C. gapperi, and C. rufocanus (THC, position 56); C. glareolus and C. gapperi (CHT, position 153); and C. glareolus, C. californicus, C. gapperi, C. rutilis, and C. rufocanus (CHT, position 170). Finally, the variant nucleotide seen in haplotype 10 (Glyboke Lake) is also seen in C. glareolus from outside northern Ukraine and in C. gapperi (CHT, position 153).
Haplotype and nucleotide diversity estimates
Haplotype diversity (h) and nucleotide diversity (ND) estimates for all sample sites and all years are presented in Table  3 . Estimates of h in the Red Forest continue to be higher than those estimated in previous studies for the reference sites; however, the estimate for 2001 (h = 0.67), is the lowest observed to date. Assuming error estimates represent approximate statistical boundaries of significance, estimates of h from uncontaminated sites (excluding Nedanchichy) and contaminated sites are not different (Fig. 1) . Concordant with the pattern observed in estimates of h, estimates of ND in the contaminated sites are also higher than those in the reference sites but again do not appear to be significantly different (Fig. 2) . Unfortunately, because there is no accepted method to test estimates of hand ND for statistical significance, we cannot adequately address this issue.
Phylogenetic affinity of Ukrainian haplotypes
The minimum evolution tree according to Tamura-Nei genetic distances is presented in Figure 3 . Haplotypes 1 to 11 are shown in bold. DISCUSSION Estimates of genetic diversity, h, for the two additional Red Forest samples (years 2000 and 2001) are again higher than those observed in the reference sites, as has been observed previously [9, 10] . Our hypothesis of an increased mutation rate in this gene region is compatible with this continued pattern. If exposure to radiation increases the maternal mutation rate in this gene region and we assume survivorship is not compromised, mtDNA diversity should be elevated compared with samples taken from regions in which the spontaneous mutation rate remains unchanged. These recent estimates of genetic diversity support this contention. Although ND is not entirely disconnected from haplotype diversity, this measure might prove a more sensitive indicator of mutation pressure. Nucleotide diversity can increase while h does not, and this is because h is a function of the number of different haplotypes and not a function of sequence diversity (i.e., nucleotide polymorphisms) differentiating distinct haplotypes. Nucleotide diversity measures this sequence diversity. Interestingly, nucleotide diversity is also elevated in areas contaminated with radiation. Currently, it remains unclear as to whether the differences in hand ND observed in reference and contaminated [1997] [1998] [1999] [2000] [2001] . The radioactive sites are represented by the Red Forest (RF), with multiple temporal samples (S = summer sampling period; F = fall sampling period), and Glyboke, which are both located near Prypiat, Ukraine. The reference sites are Granoe, Chista, and Nedanchichy, Ukraine. Below the dashed line, frequencies are calculated by site only
areas are significantly different, but average estimates of both hand ND are consistently higher.
Assuming that an increased mutation rate is responsible for both elevated hand ND in the contaminated sites, both the derived sequence characteristics of the haplotypes in the contaminated areas and their phylogenetic uniqueness should be apparent. By comparing the sequences of these haplotypes with those available from bank voles taken from disjunct populations and from additional species of Clethrionomys, the unique derived nature of these novel Ukrainian haplotypes can be evaluated. For example, an increased mutation rate should be responsible for creating unique derived haplotype sequences that are characterized by nucleotide substitutions not observed in disjunct bank vole populations, and certainly not observed in other species of Clethrionomys. In a phylogenetic reconstruction, these unique derived haplotypes would be located at the distal termini with respect to any root. The phylogenetic reconstruction in Figure 3 provides insight into this expectation. Haplotype 2, which is the unique haplotype found only in the most radioactive area (Red Forest), is not located at a terminal site in the tree. In fact, this haplotype appears basal with respect to bank vole haplotypes. The nucleotide substitutions that define this haplotype are not unique to this area. They are also found either in other bank voles from northern Ukraine or elsewhere or in other species of Clethrionomys. The three other unique Ukrainian haplotypes appear near the terminus of the tree. This suggests that mutations (i.e., nucleotide substitutions) deriving these haplotypes would be unique to this area. Two of these haplotypes, 9 and 10, are found only at the Glyboke site, the other radioactively contaminated site. Although increased mutational pressure resulting from exposure to this radiation might have derived these novel haplotypes, our sequence analysis does not support this assertion. The nucleotide polymorphisms in these two unique haplotypes are also found in either other bank vole haplotypes or other species of Clethrionomys. For these three haplotypes unique to the radioactive sites to be a function of an increased mutation rate, we have to invoke a model of back-mutation to account for them. Although not impossible, this seems to be an unlikely argument. Surprisingly, the unique haplotype, 11, observed in the uncontaminated Nedanchichy site is defined by a novel nucleotide substitution that has not been observed in any other bank vole haplotype or any other species of Clethrionomys that we have examined. Perhaps this haplotype is a function of a recent in situ mutation event, but if so, this has not resulted from exposure to Chernobyl radiation. Therefore, the only unique haplotype observed in our samples from Chernobyl that is also defined by a novel substitution is one from a reference population. The question, however, remains as to why hand ND remain elevated in the contaminated regions. Possibly, a series of back-mutation events has resulted from increased mutation pressure. Mutational hotspots have been observed previously in other genomic regions, and there is some evidence that this gene region might harbor such loci [23] . Studies, however, examining other loci, including additional mtDNA loci; other species of rodent; or both have not yet detected the "fingerprint" of an increased mutation pressure [24] [25] [26] [27] [28] [29] . Some of these studies have quantified mutational changes on a much finer scale, molecule by molecule [26] [27] [28] [29] . It is possible that other factors account for the genetic diversity patterns observed. Ecological dynamics, such as differences in effective population size, could account for such differences. For example, a recent study examining populations of the wood rat, Neotoma micropus, indicates that high levels of haplotype diversity exist in this species (h > 0.95) [30] . Furthermore, a study examining haplotype diversity in Steller sea lion Eumetopias jubatus stocks documented haplotype diversity estimates as high as h = 0.87 [31] . These are both cases in which the organisms are not known to be exposed to some exogenous mutagen, so the estimates of h are believed to be a function of ecological processes. The estimates of h for bank voles from Chernobyl could easily be explained as a function of ecological processes because they are not unusually elevated compared with those from these other studies. Source-sink dynamics could also influence these diversity estimates. Experiments to address these other possibilities are needed to answer this continuing question. The phylogenetic analysis provided in this latest addition to this longitudinal genetic monitoring project does not provide support for an increased mutation pressure as the source for the patterns of genetic and nucleotide diversity observed in the bank vole at Chernobyl.
